We proposed a robust analysis method for the acoustic properties of biological specimens measured by acoustic microscopy. Reflected pulse signals from the substrate and specimen were converted into frequency domains to obtain sound speed and thickness. To obtain the average acoustic properties of the specimen, parabolic approximation was performed to determine the frequency at which the amplitude of the normalized spectrum became maximum or minimum, considering the sound speed and thickness of the specimens and the operating frequency of the ultrasonic device used. The proposed method was demonstrated for a specimen of malignant melanoma of the skin by using acoustic microscopy attaching a concave transducer with a center frequency of 80 MHz. The variations in sound speed and thickness analyzed by the proposed method were markedly smaller than those analyzed by the method based on an autoregressive model. The proposed method is useful for the analysis of the acoustic properties of bilogical tissues or cells.
Introduction
Acoustic microscopy [1] [2] [3] is one of the useful modalities for tissue characterization, because it can obtain acoustic properties, viz., sound speed and attenuation, in a microscopic region. Usually, thin-sliced specimens with a thickness of about 10 µm are used for measurements. It is impossible to separate the reflected signals from the front and back surfaces of a specimen if rf tone burst signals are used as input signals. To obtain the thickness and sound speed of the specimen, it is necessary to measure the frequency characteristics of the superposed signal as the interference output. However, it is time-consuming. Thus, pulse signals are widely used as input signals. 4) Acoustic property measurement methods for biological specimens using pulse signals by acoustic microscopy were broadly divided into time and frequency domain analyses. In time domain analysis, the arrival times of reflected pulses from the substrate surface without a specimen and the front and back surfaces of the specimen are measured to obtain the sound speed and thickness. The pulse spectrum method is the analysis method in the frequency domain. 5) It is possible to obtain the thickness and sound speed of the specimen simultaneously from the amplitude and phase of the frequency spectrum of the reflected signals. In addition, a method using an autoregressive (AR) model was proposed 6, 7) and the software was installed into a commercial acoustic microscopy system. 8) Acoustic microscopy has been applied to the characterization of biological tissues and cells. Water or physiological saline solution is used for the coupler in the measurements of biological specimens. Then, the reflected signal from the specimen surface, S S , shown in Fig. 1 becomes small, because the acoustic impedance difference between the specimen and the coupler is small. The backscattered waves produced by the inhomogeneity inside biological specimens might be larger than the signal S S . Thus, sound speed and thickness errors would be fairly large. In this paper, a robust analysis method for the acoustic properties of biological specimens measured by acoustic microscopy is discussed. Figure 1 shows the measurement signals for the acoustic property measurements of biological specimens. Each specimen is placed on a substrate such as a slide glass or a petri dish. The ultrasonic waves emitted from the ultrasonic transducer were irradiated to the specimen through a coupler such as water or physiological saline solution. S W , S S , and S B are the reflected signals from the substrate surface, the specimen surface, and the boundary between the specimen and the substrate, respectively. On the basis of the acoustic transmission line model, these signals are represented as
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where A is the amplitude coefficient, R ij and T ij are the reflection and transmission coefficients from medium i to medium j, respectively, γ i is the propagation constant, α i is the attenuation coefficient, k i is the wave number, and d is the thickness of the specimen. The coupler, specimen, and substrate are media 1, 2, and 3, respectively. If the signals S S and S B cannot be separated in the time domain, the superposed signal of S S and S B normalized by the signal S W is expressed as 
By performing Fourier transform for the signal, the frequency spectrum can be obtained. From the frequency f m at which the amplitude spectrum becomes maximum or minimum and the phase ϕ m of the phase spectrum at f m , the thickness d and sound speed V 2 of the specimen were obtained from
where n is the natural number.
The following equation can be obtained by transforming Eq. (6):
Equation (9) was obtained by substituting V 1 in Eq. (7) into Eq. (8).
The amplitude and phase of the frequency spectra calculated using Eq. (5) by changing the sound speed of the specimen, V 2 , are shown in Fig. 2 . Here, water (V 1 = 1485 m=s, ρ 1 = 998 kg=m 3 , α 1 = α W = 2.23 × 10 −14 s 2 =m) was used as the coupler. The density and thickness of the specimen were assumed to be 1000 kg=m 3 and 7 µm, respectively. The attenuation coefficient of the specimen, α 2 , was assumed to be equal to α W . The amplitude of the interference of the amplitude spectrum increased with V 2 , because the acoustic impedance difference between the specimen and water increased. Moreover, the rate of phase change increased with V 2 . Next, the amplitude and phase of the frequency spectra were calculated by changing the attenuation coefficient of the specimen, α 2 , when water was used as the coupler. The results are shown in Fig. 3 . The sound speed, density, and thickness of the specimen were assumed to be 1530 m=s, 1000 kg=m 3 , and 7 µm, respectively. The amplitude of the interference of the amplitude spectrum decreased with increasing α 2 . In particular, monotonic decreases in the amplitude spectrum were observed when α 2 was more than 20 times larger than α W . Phase changes were almost the same regardless of α 2 .
Relationships among ϕ m , V 2 , and f m for each n can be obtained using Eqs. (8) and (9), if d is known. The relationship for n = 1, that is, the first minimum in the frequency spectrum, is shown in Fig. 4 . f m exists in the frequency range of 40-105 MHz if d is 4-8 µm and V 2 is 1,400-1,700 m=s. In the case of n = 2, f m exists in the same frequency range if d is 8-16 µm from Eq. (9). Therefore, it is possible to predict the frequency range of the maxima and minima of the amplitude spectrum, if the thickness and sound speed of the specimen and the operating frequency range of the ultrasonic device used in the measurement are known. The frequency f m might shift if there exist ripples on the amplitude spectrum produced by the scattered wave and multiple reflections. To reduce the effects and robustly obtain the average properties, f m can be determined as follows.
(1) The frequency f m at which the amplitude spectrum becomes maximum or minimum is calculated by the parabolic approximation of the amplitude spectrum considering the sound speed and thickness of the specimen and the operating frequency range of the ultrasonic device. (2) d and V 2 are calculated using Eqs. (6) and (7) using f m and ϕ m . The average acoustic properties of the specimen will be obtained even if ripples exist on the amplitude spectrum, because the proposed method can obtain a single maximum or minimum point from the entire frequency range of the amplitude spectrum.
Sound speed and thickness were obtained by the proposed method for the frequency spectra in Figs. 2 and 3 . Their results are shown in Tables I and II, respectively. The analyzed sound speed error was within 0.3 m=s for α 2 = α W . On the other hand, the sound speed error increased up to 2.5 m=s for α 2 = 10α W , because the frequency at which the amplitude spectrum becomes minimum increased. Such error was within 0.2%, which is fairly small compared with the sound speed distributions for tissues.
Results and discussion
A specimen of malignant melanoma of the skin was taken. An unstained pathological tissue was fixed with formalin. The specimen was embedded in paraffin, sliced to a thickness of 5-7 µm, and fixed on a slide glass. The specimen was deparaffinized with xylene and ethanol before the ultrasonic measurement.
Commercial acoustic microscopy (Honda Electronics AMS-50SI) 8) was used for the measurement using a concave transducer with an ultrasonic transducer of poly(vinylidene fluoride) (PVDF) film, a operating center frequency of 80 MHz, and a focal length of 1.5 mm. Two-dimensional scanning of 2.4 × 2.4 mm 2 was conducted in 8 µm steps. Eight rf signals were measured at each point and averaged. Distilled water was used as the coupler.
The reflected signals from the substrate and specimen are shown in Fig. 5(a) . The frequency spectra obtained by fast Fourier transform are shown in Fig. 5(b) . The 6 dB bandwidth of the amplitude spectrum reflected from the substrate was 30-100 MHz, and the frequency range was used for the analysis. The amplitude and phase of the normalized frequency spectrum are shown in Fig. 5(c) . The minimum of the amplitude spectrum was observed at 87.2 MHz in Fig. 5(c) . The sound speed and thickness of the specimen were obtained as n = 1 in Eqs. (6) and (7) The C-mode image of the specimen is shown in Fig. 6 . The two-dimensional thickness and sound speed distributions analyzed by the method based on the AR model are shown in Figs. 7(a) and 7(b) , respectively. Those along the x-axis direction at y = 1.5 mm are shown in Figs. 7(c) and 7(d) , respectively. Sound speeds higher than 2,500 m=s and thicknesses larger than 20 µm were observed.
Next, by considering Ref. 5 , thicknesses and sound speeds were analyzed using the frequency f Min at which the amplitude spectrum became minimum in the frequency range of 30-100 MHz. The results are shown in Fig. 8 . The thicknesses and sound speeds analyzed by the proposed method are shown in Fig. 9 . The average, maximum, and minimum values at y = 1.5 mm obtained by the proposed method, the method using f Min , and the method based on the AR model are shown in Table III . Variations in sound speeds and thicknesses obtained by the method using f Min and the proposed method were markedly smaller than those obtained by the method based on the AR model.
By comparing the sound speed distribution with the Cmode image, sound speed was observed to increase with decreasing intensity in Fig. 6 . This is caused by the increase in acoustic impedance and the decrease in T 12 · T 21 in Eq. (3) with higher sound speed.
In the analysis method based on the AR model, 6,7) sound speed and thickness were obtained by estimating the phases of the reflected signals from the normalized frequency spectrum as shown in Fig. 5(c) . As one of the factors of large sound speed and thickness errors obtained by the method based on the AR model, it is thought that amplitude of the scattered wave reflected inside the specimen became larger than that of the reflected wave from the specimen surface.
By comparing the results in Figs. 8 and 9 , the variation in analyzed thickness obtained by the proposed method was Fig. 8 , and 4.71 µm and 1,578 m=s in Fig. 9 , respectively. d obtained from f Min was fairly small. The amplitude spectrum at this point is shown in Fig. 10 . f m was determined to be 99.9 and 83.7 MHz by f Min and the proposed method, respectively. The following equations can be obtained from Eqs. (6) and (7): 
The accuracies of f m and ϕ m directly affect that of d from Eq. (10). On the other hand, f m does not directly affect the accuracy of V 2 , but ϕ m does, as determined from Eq. (11). In Fig. 2 , ϕ m changes from 0.254 to 0.282 rad when the frequency changes from 80 to 88 MHz in the case of V 2 = 1,580 m=s. With these frequency and phase changes, d and V 2 change by −8.3 and +0.9%, respectively, if n = 1 in Eqs. (10) and (11) . Therefore, the variation in thickness was reduced by accurately obtaining f m by the parabolic approximation in the proposed method. Next, the effect of the frequency range on the analysis in the proposed method was investigated. The frequency ranges of (a) 30-120 MHz, (b) 30-100 MHz, (c) 40-90 MHz, and (d) 50-80 MHz were investigated. The results for y = 1.5 mm are shown in Fig. 11 . The variations in thickness and sound speed in Fig. 11(a) were slightly larger than those in Figs. 11(b) and 11(c). This is due to the worse signal-tonoise-ratio (SNR) regions in the amplitude spectrum being included in the analysis region, and the decrease in the accuracy of f m . The minimum thicknesses in Fig. 11(d) were obviously larger than those in Figs. 11(b) and 11(c). This is caused by the limitation of the analysis region. The upper frequency of the analysis was 80 MHz, and the minimum thickness was limited to a value larger than about 5 µm from Fig. 4 . From these results, the robustness of the analyzed sound speeds can be improved by selecting an appropriate frequency range for analysis, and that of thicknesses can be improved by accurately obtaining f m using the parabolic approximation of the amplitude spectrum. Therefore, it is possible to robustly obtain the thickness and sound speed by analyzing the frequency spectrum in the frequency range with good SNR including the minimum or maximum of the amplitude spectrum using the proposed method.
In this experiment, the specimen thickness was controlled to 5-7 µm during specimen preparation. In the present method, the roughly estimated sound speeds and thicknesses are required to investigate the relationship between V 2 and f m shown in Fig. 4(b) . The average sound speeds and thicknesses analyzed by the method based on the AR model were almost the same as those analyzed by the proposed method as shown in Table III . Therefore, those analyzed by the method based on the AR model could be used as rough values to determine the analysis region in the proposed method.
As shown in Fig. 3 , the local minimum was not observed in the amplitude spectrum when α 2 was larger than 20α W , although intereferences of the amplitude spectrum were observed. If a frequency spectrum is measured more than a cycle, the low-frequency component of the amplitude spectrum can be obtained by the linear approximation, and only the interference component can be extracted by subtracting it from the amplitude spectrum. Thereafter, the analysis using the proposed method would be conducted.
Conclusions
In this paper, a robust analysis method for the acoustic properties of biological specimens measured by acoustic microscopy is proposed. Average acoustic properties can be obtained by the proposed method considering the operating frequency range of the ultrasonic device, even if there are unwanted ripples on the amplitude spectrum because of the low SNR or existence of scattered waves. The proposed method is useful for the analysis of the acoustic properties of biological tissues or cells.
